BACKGROUND: To evaluate PSA levels and kinetic cutoffs to predict positive bone scans for men with non-metastatic castrationresistant prostate cancer (CRPC) from the Shared Equal Access Regional Cancer Hospital (SEARCH) cohort. METHODS: Retrospective analysis of 531 bone scans of 312 clinically CRPC patients with no known metastases at baseline treated with a variety of primary treatment types in the SEARCH database. The association of patients' demographics, pathological features, PSA levels and kinetics with risk of a positive scan was tested using generalized estimating equations. RESULTS: A total of 149 (28%) scans were positive. Positive scans were associated with younger age (odds ratio (OR) = 0.98; P = 0.014), higher Gleason scores (relative to Gleason 2-6, Gleason 3+4: OR = 2.03, P = 0.035; Gleason 4+3 and 8-10: OR = 1.76, P = 0.059), higher prescan PSA (OR = 2.11; P o 0.001), shorter prescan PSA doubling time (PSADT; OR = 0.53; P o 0.001), higher PSA velocity (OR = 1.74; P o0.001) and more remote scan year (OR = 0.92; P = 0.004). Scan positivity was 6, 14, 29 and 57% for men with PSAo 5, 5-14.9, 15-49.9 and ⩾ 50 ng ml − 1 , respectively (P-trend o 0.001). Men with PSADT ⩾ 15, 9-14.9, 3-8.9 and o 3 months had a scan positivity of 11, 22, 34 and 47%, correspondingly (P-trend o 0.001). Tables were constructed using PSA and PSADT to predict the likelihood of a positive bone scan. CONCLUSIONS: PSA levels and kinetics were associated with positive bone scans. We developed tables to predict the risk of positive bone scans by PSA and PSADT. Combining PSA levels and kinetics may help select patients with CRPC for bone scans.
INTRODUCTION
With the recent advances in hormonal therapy, chemotherapy and immunotherapy for metastatic castration-resistant prostate cancer (CRPC), early detection of metastasis has become more and more important as these patients may benefit from early interventions. [1] [2] [3] For example, asymptomatic patients with metastatic CRPC have been shown to benefit from new therapies such as sipuleucel-T, 4 abiraterone 5 and enzalutamide. 6 Given that these treatments have been shown to benefit CRPC patients with metastasis before the development of symptoms, a strategy to detect metastases early, when symptoms are still absent, is crucial. Bone scans are routinely used to detect bone metastasis in both symptomatic and asymptomatic patients; however, to date, it remains unclear as to when screening for metastasis should start, how often bone scans should be performed and whether the scans should be carried out at regular time intervals or triggered by changes in clinical and/or biochemical variables. [7] [8] [9] [10] In a previous study, we showed, among prostate cancer (PCa) patients with rising PSA after radical prostatectomy, PSA levels and PSA kinetics (such as PSA doubling time (PSADT) and PSA velocity (PSAV)) were predictive of metastatic disease. 11 However, there are limited studies evaluating how PSA levels and PSA kinetics can be used alone or in concert to estimate the risk of a positive scan specifically among CRPC patients. Therefore, we examined PSA levels and PSA kinetic cutoffs to predict a positive bone scan among men with CRPC within the Shared Equal Access Regional Cancer Hospital (SEARCH) cohort.
MATERIALS AND METHODS

Study population
After obtaining institutional review board approval, data from PCa patients treated at two Veteran Affairs Medical Centers (San Diego, CA and Durham, NC) with androgen deprivation therapy (ADT) between 1991 and 2013 with PSA levels ⩾ 2 ng ml − 1 after starting ADT were combined into the study database. 12 The database included information on patient age at the time of bone scan, race, height, weight, PSA, biopsy tumor grade, bone scans and primary and secondary treatments for PCa. A total of 4549 subjects on ADT for PCa with PSA levels ⩾ 2 ng ml − 1 after ADT were entered in the database. Of these, 1391 (31%) subjects had documented CRPC as defined by the PCa working group 2 definition: a 25% or greater increase in PSA and an absolute increase of 2 ng ml − 1 or more from the post-ADT nadir while receiving continuous ADT (either gonadotropin-release hormone agonist, antagonist or bilateral orchiectomy). 13 As our goal was to study men with no known metastases, 723 (52%) men who had documented metastatic disease at or before the time of CRPC diagnosis were excluded. Of the remaining 668 patients, a total of 381 (57%) patients had one or more bone scans available for review and were included in the study. Patients without data on PSA levels and/or kinetics (namely PSADT and PSAV) were excluded, resulting in a final study sample of 312 (82%) patients ( Figure 1 ). Among these patients, a total of 531 bone scans were reviewed and included in the study. Bone scans performed after the first positive scan were not included. Supplementary Figure S1 shows the number of scans per patient. The number and interval of bone scans and primary and secondary treatments for PCa were at the discretion of the patient and treating physician. Bone scans were read by nuclear medicine radiologists. Radiologists were not blinded to patient's demographics, laboratory, radiologic or pathologic results. Bone scans were coded by trained personnel as positive or negative based on the radiology report (equivocal scans, given that they usually do not prompt a change in management, were considered negative unless confirmed positive by a secondary imaging modality or biopsy).
Statistical analysis
PSADT was calculated by the natural log of two divided by the slope of the linear regression of the natural log of PSA over time in months. 14 Subjects with calculated PSADTo0 or 4120 were assigned 120 months for ease of analysis. PSAV was calculated as the slope of the linear regression of PSA over time in years. All available PSA levels before the bone scan but after CRPC diagnosis were used to calculate prescan PSA kinetics. Subjects with ⩾ 2 PSA values over at least three months had PSA kinetics calculated. Results are presented in counts and percentages for categorical variables and medians and interquartile ranges (IQR) for continuous variables. The unity of measure in the study was bone scan, as opposed to patients. Given the repeated measures nature of the data, generalized estimating equations were used to compare patients' demographics, pathological features, PSA levels and kinetics between negative and positive scans, grouping by patient. The variables analyzed included the following: age at CRPC (years), self-identified race (black or non-black), biopsy Gleason score (o = 6, 3+4 or 4+3 and 8-10), 15 primary treatment (watchful waiting or ADT, radical prostatectomy ± radiation, radiation alone, other), time from ADT to CRPC (months), PSA at CRPC (log[ng ml − 1 ]), time from CRPC to scan (months), number of previous post-CRPC negative bone scans (0, 1, 2, ⩾ 3), time from previous scan (in months), prescan PSA (log(ng ml − 1 )), prescan PSADT (log[months]), prescan PSAV (log [ng ml − 1 per year]) and year of scan. Multivariable analyses were also performed using generalized estimating equations and included all covariates above, given that they were associated with metastasis in the present study or previously. As PSAV and PSADT were collinear, only PSADT was included in the multivariable model. PSA levels were then broken down into four groups based on quartiles: 0.0-4.9, 5.0-14.9, 15.0-49.9 and ⩾ 50.0 ng ml − 1 . Similarly, PSADT was divided into four groups: ⩾ 15, 8.9-14.9, 3.0-8.9 and o3 months based upon a prior paper showing these cutoff points risk-stratified patients for PCa death, albeit in men with castration-sensitive disease. 16 Bar plots were used to demonstrate the relative prevalence of positive bone scans by PSA and PSADT groups. A table of point estimates and 95% confidence intervals for probability of bone scan positivity by PSA and PSADT groups was estimated from the generalized estimating equations including PSA levels and PSADT as categorical variables. The area under the curve of the predicted risk by the table and scan positivity was calculated. All statistical analyses were two-tailed and were performed using Stata 11.2 (StataCorp, College Station, TX, USA) and R 3.0.1 (R Foundation for Statistical Computing, Vienna, Austria). Po 0.05 was considered to indicate statistical significance.
RESULTS
The median (IQR) age at bone scan of our sample was 74 years (66-81). A total of 172 (37%) scans were carried out in black patients. The median (IQR) PSA at CRPC diagnosis and prescan PSA were, respectively, 3.9 (2.8-7.5) and 17.1 ng ml − 1 (6.5-52.5). The median (IQR) prescan PSADT and prescan PSAV were 11.4 months (5.0-26.7) and 6.8 ng ml − 1 per year (1.6-25.7), correspondingly. At diagnosis, low (⩽6), intermediate (3+4), high-grade (4+3 and 8-10) and unknown Gleason scores were present in 93 (18%), 88 (17%), 178 (34%) and 172 scans (32%), respectively. The median (IQR) time from ADT to CRPC and CRPC to bone scan were 44 (24-73) and 20 months (11-35), correspondingly. The primary PCa treatment was watchful waiting or ADT in 216 (41%) scans, radical prostatectomy ± radiation in 138 (26%) scans, radiation alone in 166 (32%) and other in 3(1%) scans ( Table 1) .
The average number of scans per patient was 1.7. A total of 149 (28%) scans were positive for metastatic disease. In univariable analysis, positive bone scan was significantly associated with younger age (odds ratio (OR) = 0.98, P = 0.014), higher prescan PSA levels (OR = 2.11, P o 0.001), shorter prescan PSADT (OR = 0.53, P o 0.001), higher PSAV (OR = 1.74, P o0.001) and more remote year of scan (OR = 0.92, P = 0.004). Bone scan positivity was unrelated to race, PSA level at CRPC diagnosis, time from previous scan, time from ADT to CRPC and time from CRPC to bone scan (all P's40.05, Table 1 ). Patients with higher Gleason scores had a higher risk of having a positive scan (relative to Gleason o = 6, Gleason 3+4: OR = 2.03, P = 0.035; Gleason 4+3 and 8-10: OR = 1.76, P = 0.059). Greater number of prior negative scans was associated with higher scan positivity (relative to no prior scans, one scan: OR = 1.84, P = 0.002; two scans: OR = 1.76, P = 0.067; three or more scans: OR = 5.43, P = o 0.001). In multivariable analysis, only pre-PSA (OR = 1.87, P = o 0.001) and pre-PSADT (OR = 0.73, P = 0.035) were independently associated with bone scan positivity (Figure 1 ). In the analysis by PSA groups, the scan positivity was 6%, 14%, 29% and 57% for men with PSA o5, 5-14.9, 15-49.9 and ⩾ 50 ng ml − 1 , respectively (P-trend o 0.001; Figure 2 ). Men with PSADT ⩾ 15, 9-14.9, 3-8.9 and o3 months had a scan positivity of 11%, 22%, 34% and 47%, correspondingly (P-trend o0.001; Figure 3) .
Given that prescan PSA and PSA kinetics were the only two independent predictors of bone scan positivity, we developed a table estimating bone scan positivity by prescan PSA levels and prescan PSADT ( Table 2 ). In subjects with PSADT ⩾ 15 months and PSA levels o5 ng ml − 1 , the estimated bone scan positivity was only 6% (95% confidence interval = 4-8%) compared with 67% (95% confidence interval = 64-69%) among patients with PSADT o3 months and PSA levels ⩾ 50 ng ml − 1 . The accuracy (area under the curve) of the table to predict a positive scan was 77.3%.
DISCUSSION
For non-metastatic CRPC patients, the recently published American Urological Association guidelines recommend observation with continued ADT. 17 Chemotherapy or immunotherapy are contraindicated for these patients outside of a clinical trial context. However, for patients with asymptomatic metastatic CRPC, the American Urological Association guidelines recommend active ADT: androgen deprivation therapy; CRPC: castrationresistant prostate cancer. Predictors of positive bone scan treatment with abiraterone plus prednisone, docetaxel or sipuleucel-T. 17 Moreover, there is evidence to suggest that early treatment translates into better response to sipuleucel-T 2 and docetaxel. 3 Thus, as earlier treatment of metastatic CRPC may lead to better outcomes, it is critical to identify metastasis as early as possible. To identify CRPC patients at risk for metastatic disease early, we evaluated the predictors of a positive bone scan among men with non-metastatic CRPC. We found that positive bone 
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Bones scan positivity scans were most strongly associated with higher PSA levels and adverse PSA kinetics (shorter PSADT and faster PSAV). Thus, we combined PSA and PSADT to create a table stratifying CRPC patients according to the risk of having a positive bone scan. This table may help physicians select patients for metastatic screening with bone scans. It may also help select patients for clinical trials based on bone metastasis risk.
In our previous study evaluating PCa patients with rising PSA after radical prostatectomy, we found that PSA levels and PSA kinetics were associated with the risk of metastatic disease. 11 Similarly, in the current study, we found that higher PSA levels and adverse PSA kinetics were associated with a greater chance that the bone scan would show metastatic disease. Secondary analysis of clinical trials evaluating time from CRPC to metastasis also came to the same conclusions that PSA variables correlate with the risk of future metastasis. [18] [19] [20] For example, Smith et al. 18 in a secondary analysis of 201 patients in an aborted clinical trial, found a threefold increase in the hazards of metastatic disease for each 10 ng ml − 1 increase in PSA levels. They also found a 40% increase in the hazards of metastatic disease for each one-unit increase in the log of PSA velocity. In another study, Smith et al. 19 found a twofold increase in the hazards of metastatic disease when the PSA level was above 13 compared with o13 ng ml − 1 .
In both of these studies, other variables associated with disease aggressiveness such as Gleason score were not consistently associated with the development of metastasis. In contrast to the clinical trials, our study reflects the clinical practice, not scans carried out per protocol. Moreover, the clinical trials only included men with negative baseline scans which are a selected group of men. Regardless of these differences, combined findings support the use of PSA levels and kinetics as the best currently available variables to stratify patients according to their risk of metastatic disease. Moreover, these variables may be used in concert to select patients for bone scans, potentially reducing the number of negative scans.
To date, no studies evaluated the frequency of bone metastasis screening in patients with CRPC. Clinical trials evaluating medications to delay disease progression in patients with nonmetastatic CRPC used bone scans every 2-4 months. 18, 19, 21 In our study, the risk of a positive bone scan was correlated with PSA levels and PSA kinetics. For example, patients with PSA levels o5 ng ml − 1 and PSADT 415 months had less than a 10% chance of a positive scan, whereas those with PSA levels ⩾ 50 ng ml − 1 and PSADT o3 months had greater than a 50% chance of being diagnosed with metastatic disease on a bone scan. These findings indicate that the screening strategy for metastasis using bone scan should be tailored to the patient's characteristics such as PSA levels and kinetics; that is, patients with higher PSA levels and shorter PSADTs should be screened more aggressively compared with those with lower PSA levels and/or longer PSADTs. However, based on the current data, we are not able to determine the ideal time interval for bone scans or whether bone scans should be triggered by changes in PSA variables.
The main limitation of the present study is its retrospective nature. Prospective studies are required for level 1 evidence; such a study would be expensive and time-consuming. In the absence of such data, retrospective studies can be useful for informing clinical practice until more definitive data are available. First, we were not able to control when and how bone scans were performed. It is plausible that patients with more advanced and aggressive disease at baseline had more and earlier bone scans compared with those with less advanced and aggressive disease for whom the bone scan may have been deferred to a later point in time. If this hypothesis is true, some patients with worse disease were more likely to be diagnosed with metastasis, whereas a number of patients with more favorable disease may have been excluded from the study given that they have never had a single bone scan. Similarly, we did not evaluate bone scans carried out outside the VA or scans carried out before CRPC diagnosis. Second, we had no control over when and how patients were treated with ADT and/or other therapies. Third, data on other variables such as bone health, including alkaline phosphatase and bisphosphonates use, were not available for most patients. Moreover, Gleason score was undetermined for a third of our sample, and we had no data on lymph node status, extracapsular extension or seminal vesicle invasion (except for some of the patients who underwent radical prostatectomy). Data on testosterone levels and compliance with ADT were not systematically available for all patients. In addition, close to 20% of our sample had missing PSA levels and/or kinetics and were excluded from the study. Fourth, the frequency of PSA measurements was at the discretion of the treating physician, which can lead to variations in how PSADT is calculated. Although these limitations add noise and unwanted variability to the study, they reflect the current clinical practice in the management of CRPC patients. Despite this limitation, PSADT was a very strong predictor of a positive scan, suggesting that in an idealized setting PSADT may be an even stronger predictor of bone scan results than observed in the current study. Fifth, our study encompassed more than two decades, and we were unable to determine and account for temporal changes in clinical practice and technology. Finally, although bone scans are very sensitive to detect metastasis, false positives and negatives do occur, but we were unable to identify them given that confirmatory imaging and/or biopsies were not available for all patients in our sample.
In conclusion, among non-metastatic CRPC patients undergoing bone scans for metastasis detection, PSA levels and PSA kinetics were the strongest predictors of positive bone scans. On the basis of this, we developed tables to predict the risk of a positive bone scan by PSA and PSADT. A combination of PSA levels and PSA kinetics may help select patients for bone scans, potentially reducing the number of negative and unnecessary scans in lowrisk men, while detecting metastatic disease at an earlier stage in high-risk men. 
